Abstract-Extensive electrical characterization of ring oscillators (ROs) made in high-κ metal gate 28nm Fully-Depleted Silicon-onInsulator (FD-SOI) technology is presented for a set of temperatures between 296 and 4.3K. First, delay per stage (τ P ), static current (I STAT ), and dynamic current (I DYN ) are analyzed for the case of the increase of threshold voltage (V TH ) observed at low temperature. Then, the same analysis is performed by compensating V TH to a constant, temperature independent value through forward body-biasing (FBB). Energy efficiency optimization is proposed for different supply voltages (V DD ) in order to find an optimal operating point combining both high RO frequencies and low power dissipation. We show that the EnergyDelay product (EDP) can be significantly reduced at low temperature by applying a forward body bias voltage (V FBB ). We demonstrate that outstanding performance of RO in terms of speed (τ p =37ps) and static power (7nA/stage) can be achieved at 4.3K with V DD reduced down to 0.325V.
I. INTRODUCTION
ince the famous proposal for quantum computing with quantum dots [1], significant progress in Si spin qubits have been reported [2] [3] [4] [5] . The first two-qubit logic gate in isotopically enriched Si was demonstrated [3] and a foundrycompatible CMOS SOI platform was used to demonstrate a hole spin qubit functionality [4] [5] . These major achievements on the basic building block of a quantum computer are paving the way to the implementation of a large number of qubits individually controlled with tunable nearest-neighbor couplings. However, scaling up these systems in complex quantum computing architectures can be extremely challenging. In addition to fundamental advances in physical understanding and material development needed for spin qubits, a consistent engineering work should be made to propose a means of controlling, interacting and reading out a large number of qubits in parallel.
In recent years, hardware interfaces based on advanced CMOS technologies that operate at cryogenic temperature so as to ensure proximity to qubits have been proposed and discussed [6] [7] [8] [9] . Bulk Si MOSFET [10] [11] [12] [13] and other basic circuits such as Ring Oscillators (ROs) [11] and an FPGA (FieldProgrammable Gate Array) [14] were characterized down to . Despite a significant reduction of subthreshold swing (SS) and improvement of carrier mobility at low temperature, some limitations have been raised on bulk Si technologies. Non-ideal kink behavior and hysteresis in the characteristics are induced by the bulk current generated by impact ionization at the drain combined with increased resistivity from the freeze-out of charge carriers [15] . Moreover, the increase of drive current from the enhanced carrier mobility at low temperature is partially mitigated by the increase of threshold voltage which can be hardly compensated by back-biasing in bulk technologies.
In this work, an alternative to bulk Si CMOS technologies is proposed in order to provide more flexibility to designers for optimizing both high-performance and low power cryogenic electronics. Undoped thin-planar 28nm FD-SOI devices offer an excellent short-channel electrostatic control, low leakage current and immunity to random dopant fluctuations. More flexibility is brought to the circuit through an extremely effective back-biasing allowing to switch dynamically between high performance mode (Forward Body Biasing) and ultra-low leakage mode (Reverse Body Biasing) [16] . We thus propose to study the low temperature characterization of 28nm FD-SOI ring oscillators (RO) down to 4.3K. The RO performance in terms of delay per stage (τ P ), dynamic (I DYN ), and static (I STAT ) currents is studied from 296 down to 4.3K for V DD ranging between 0.325 and 1.2V. Cryogenic effects on the RO performance are investigated with and without forward backbiasing (FBB) in order to compensate the shift of threshold voltage (V TH ) at low temperature. In addition, an energy efficiency optimization using FBB is proposed. We show that V DD can be reduced down to 0.325V while maintaining an ultralow Energy-Delay product (EDP).
The paper is organized as follows: a brief review of 28nm FD-SOI is given in Section II. Low temperature characterization of FD-SOI ring oscillators and their energy efficiency optimization are discussed in Section III. Finally, the main conclusions are drawn in Section IV.
II. BRIEF REVIEW OF 28NM FD-SOI TECHNOLOGY
The GO1 FD-SOI transistors are fabricated with a gate-first high-κ metal gate using STMicroelectronics technology [17] [18] . They are processed on 300mm (100) SOI wafers with a buried oxide (BOX) thickness of 25nm. The equivalent oxide For more details on the measurement protocol, see Table I . 
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IEFF enhancement at low temperature Fig. 1 . The RO consists of 101 identical stages together with an enabling two-way AND gate. The output is fed to a frequency divider to lower its frequency in the sub-MHz regime. The parameters and the measurement protocols used in this work are summarized in Table I .
III. RESULTS AND DISCUSSION
A. RO performance at room temperature In contrast to usual bulk technology, ultra-thin body and buried oxide FD-SOI enables an extended body-bias range from -3V (RBB) up to +3V (FBB), thanks to the thin buried oxide providing either high-performance or low-power transistors [20] . In order to compensate the increase of V TH at lowtemperature this work is focused on LVT transistors which enable a strong improvement in the switching speed thanks to FBB (body factor of 85mV/V) at the cost of a higher leakage current. When no input is provided on the AND logic gate, I STAT and then static power consumption occur due to the flow of leakage from supply to ground. For the room temperature data in Fig. 2 , the static current of 101-stages RO is plotted as a function of the delay per stage for different V DD and FBB voltages (V FBB ). Let us note that the delay of CMOS invertor can be approximated by t P = C LOAD ×V DD /I EFF [21] with I EFF the effective current (defined in Table I ) and C LOAD the load capacitance including the inversion capacitance, the parasitic capacitances and the wiring capacitance of back-end-of-line. Hence, lowering the supply voltage V DD to achieve lower static power dissipation (i.e. lower I STAT ) degrades the RO performance giving higher delay per stage. This frequency reduction can be balanced by using FBB voltage. The efficiency of forward back biasing for t P reduction and improved performance is well observed in Fig. 2 . For the RO operating at V DD =1V, a t p reduction of 33% is achieved (at V FBB =2.8V) at the expense of a significant enhancement of static current (i.e. static power dissipation). Thus, a compromise in terms of power dissipation and speed should be carefully considered. Maintaining the back biasing efficiency at very low temperature is crucial to ensure accuracy and speed in the control and readout of qubits while using comparatively less power dissipation to perform the calculations. 
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n-type back-plane The procedure used to calculate IEFF is described in Table I .
B. RO performance without FBB down to 4.3K
Operation of FD-SOI transistors at cryogenic temperature was already reported in [18, 22, 23] . Since the scattering of charge carriers with phonons is sufficiently weak and can be neglected at liquid helium temperature, electron and hole mobilities are enhanced and should lead to a smaller t p at lower temperature for a given V DD . However, despite a significant increase of drive current expected at low temperature [18] , the RO slows down as it can be seen in Fig. 3a . This increase of delay per stage is explained by the V TH -shift at lower temperatures ( Fig. 3b) for both n-and p-MOS transistors. Consequently, the effective current is strongly reduced at lower temperatures due to a lower overdrive current for the gate voltage. This I EFF reduction becomes especially important at low V DD . Hence, without FBB (V N-WELL =V P-WELL =0V) the enhanced carrier mobility at low temperature does not improve the effective current which becomes strongly limited by the V TH increase. The I EFF reduction shown on Fig. 3c is then directly responsible for the observed increase of t P . The degradation of RO performance becomes even more important at low V DD . Therefore, without forward-back-biasing used to compensate the V TH -shift it may be difficult to work with an optimized cryogenic digital control electronics combining the demands of both high-performance and low-power consumption.
C. RO performance by applying FBB down to 4.3K
In order to preserve the benefit of higher carrier mobility and thus, higher driving current at low temperatures, the V TH -shift should be compensated. The ability to adjust V TH through backbiasing was already successfully demonstrated down to 4.3K using 28nm FD-SOI transistors [18] . In this work, the threshold voltages of n-and p-MOSFET as well as the body-factors (DV TH /DV FBB ) were systematically extracted over a wide range of V FBB from 0 up to 3V. Then, by adjusting V N-WELL and V P-WELL for each temperature, the V TH -shift was compensated (in order to keep the V TH measured at 300K) and thus, V TH_NMOS and V TH_PMOS were kept constant in temperature as shown in Fig. 4b . In contrast to previous results (without FBB), a significant speed up for different V DD is now observed when threshold voltages were settled to V TH (T)=V TH (296K) within the full temperature range (Fig. 4a) . By reducing the temperature from room temperature down to 4.3K, the delay per stage is decreased by 38% at V DD =0.8V, 33% at V DD =1V, and 31% at V DD =1.2V. The t P reduction can be explained by the increase of I EFF shown in Fig. 4c . By monitoring the enhancement of I EFF and t P at lower temperatures (down to 4.3K) we observe a good correlation between the relative variations of I EFF increase and the t P reduction for V DD =0.8V as shown in Fig. 5 . Hence, the load capacitance seems to be weakly dependent on temperature since the I EFF increase is mainly responsible for the speed up of RO at low temperature.
Besides the low temperature behavior of t P , other critical parameters such as dynamic current (I DYN ) and static current (I STAT ) were monitored for the evaluation of the power dissipation in oscillating and sleeping mode. As shown in Fig. 6 , I DYN naturally increases as the temperature is reduced due to the I EFF enhancement, which leads to the increase of active power dissipation. Indeed, by applying FBB for the V TH compensation, the effective current is improved due to higher carrier mobility at low temperature and then I DYN is enhanced. In comparison to the room temperature case, the I DYN enhancement normalized by V DD is about 34% at 4.3K. At the same time a significant reduction in static current (Fig. 6b) and thus, in static power dissipation is observed thanks to the decrease of subthreshold slope at low temperature [18] . Table II . Green (resp. blue) color corresponds to room temperature (resp. 4.3K) (c) Effective current vs temperature for different VDD. As it can be seen in Fig. 4b , the effective current increases at any stage of cooling down.
As compared to room temperature, the calculated static power dissipation P STAT =I STAT ×V DD at 4.3K is reduced by a factor of 1600 (V DD =0.8V), 100 (V DD =1V), and 6.5 (V DD =1.2V). The RO performance in terms of t P , I DYN , and I STAT measured at 4.3 and 296K with and without FBB are summarized in Table II .
D. Energy efficiency optimization down to 4.3K.
Wiring up large qubit arrays today is a key issue across all qubit platforms. Indeed, a large number of qubits must be read out periodically and rapidly processed to check whether errors occur along the way and to correct them. Furthermore, the energy efficiency of a cryogenic platform for the classical control of a scalable quantum computer is essential. Low power dissipation is required, down to few watts at 4K [24] to enable Fig. 5 . Relative enhancement of IEFF and tp at VDD = 0.8V for temperature between 296 and 4.3K. FBB is applied to compensate the increase of VTH at low temperatures. Note that both relative gains are well correlated within the whole temperature range. the operation of thousands of cryogenic fault-tolerant loops in existing refrigerators. The adoption of FD-SOI technology to reduce power consumption while keeping high speed of operation can be a promising solution in future implementations of large-scale quantum computers. Then, ensuring that control signals produce minimal dissipation will be essential at the lowest temperature stage of the refrigerator. We thus propose to deal with the energy consumption per transition and more specifically with the Energy-Delay metric to translate the more and more stringent constraint on the speed, while not disregarding the energy dissipation. The temperature dependence of Energy per Transition (EPT) for different V DD is shown in Fig. 7a . As in the previous section, FBB is applied to correct the V TH -shift at low temperatures. One can notice that despite an increase of I DYN (shown in Fig. 6a) , the significant decrease of delay per stage at low temperature (Fig. 4a ) results in EPT becoming smaller and smaller during the cooling down to 4.3K. Lowering V DD at liquid helium temperature also leads to a significant reduction of EPT at the expense of performance with a lower RO frequency. To achieve the best possible performance, the Energy-Delay metric [21, 25] defined in Table I can be used. Smaller Energy-Delay values imply a lower energy consumption at the same level of performance corresponding to a more energy-efficient design. At RT, the lowest EDP is obtained for V DD =1V as shown on Fig. 7b . However, as the RO is cooled down, we see that the optimal V DD can be lowered. At 4.3K, the minimal EDP is now obtained at V DD =0.8V. The V DD dependence on the Energy-Delay Product is shown in Fig. 8a at 4.3 and 296K . At 4.3K, FBB is first used to keep the same V TH as that obtained at room temperature. Then, higher V FBB was applied in order to maximize the energy efficiency. As expected, EDP is minimal for V DD =1V at 296K. However, a strong increase is observed at low V DD due to the rise of t P as shown on Fig. 3a . At 4.3K, the V TH -compensation allows to reduce t P (see Fig. 4a ) and leads to the decrease of EDP with a minimal value close to V DD =0.8V. However, once again, the EDP remains strongly enhanced at low V DD . The best FBB configuration minimizing EPT while keeping high RO speed is obtained for V N-WELL =4V and V P-WELL =−5.8V. This FBB configuration was chosen such as no minimum is observed in EDP even at V DD as low as 0.325V. The combination of LVT transistors with high forward-back-biasing allows to further reduce V TH and then to obtain lower t P for a given V DD . In Fig. 8b , we show the static current versus t p for different V DD in order to highlight the advantage of FBB on LVT FD-SOI transistors. At 4.3K, low delay operation can be achieved without suffering from excessive increase of static power. However, if high FBB voltages (V N-WELL = 4V and V P-WELL = −5.8V) are applied to reduce V TH close to 0V, I STAT is significantly increased. Nevertheless, excellent RO performance with t P =37ps and I STAT =7nA/stage are demonstrated at V DD = 0.325V. This static current can be further reduced by a factor 10 if V P-WELL is lowered from -5.8 to −4.8V while keeping V N-WELL =4V. In addition, as shown in Fig. 8c , ultra-low I DYN current of 92nA/stage (at V DD =0.325V) can be of great importance if low power dissipation in oscillating mode at moderate speed (t P =71ps) is required. It should be noted that the RO performance for different FBB configurations can be further optimized depending on targeted applications. The data reported in Table III are given to illustrate the tremendous versatility of 28nm FD-SOI technology for both ultra-low power and high performance applications for highly reduced V DD at 4.3K. This highlights the possible trade-offs between the delay and the static/dynamic power dissipation. For instance, in case of V N-WELL =4V and V N-WELL = -4.8V, we obtain highly improved delay of 31ps with I DYN =271nA/stage and I STAT =1.56nA/stage if V DD is increased to 0.425V.
IV. CONCLUSION
This paper describes, for the first time, electrical characterization of 28nm FD-SOI ring oscillators down to 4.3K. The unique capability of back-biasing in the development of fast power-efficient peripheral circuitry is shown through the analysis of delay per stage, static and dynamic current of the ROs. Also, the trade-off between energy consumption and delay per stage is discussed for a large range of supply voltage (V DD from 0.325 to 1.2V). It is demonstrated that by properly balancing the energy consumption and delay, the maximum benefit in terms of speed and energy consumption can be derived at a very low supply voltage of V DD =0.325V only. At 4.3K and high FBB voltage (V N-WELL =4V and V P-WELL =-5.8V), a very small energy per transition of 0.186fJ with t P =37ps and EDP=6.9fJ×ps are achieved at V DD =0.325V. These achievements prove that the 28nm FD-SOI platform provides significant opportunities towards optimizing highly-efficient and ultra-low-power cryogenic circuits for large-scale quantum computing. Based on the promising results in this work, other applications such as low temperature sensors, low power neuromorphic circuits [26] , or space electronics can be envisioned. 
